ABSTRACT: There is evidence that an elevated erythropoietin (EPO) concentration is associated with signs of iron deficient erythropoiesis. The aim of this study was to evaluate the iron status by means of novel cellular indices and serum iron markers and to determine whether these are associated with EPO and pH in the venous cord blood of 193 full-term newborns. There were positive correlations between EPO and the percentage of hypochromic red blood cells (%HYPOm) and reticulocytes (%HYPOr) [r ϭ 0.45 (p Ͻ 0.001) and r ϭ 0.56 (p Ͻ 0.001), respectively]. %HYPOm and %HYPOr also had negative correlations with pH [r ϭ Ϫ0.53 (p ϭ 0.001) and r ϭ Ϫ0.46 (p ϭ 0.001), respectively]. Newborns who had low pH (pH Յ7.15, n ϭ 16) had significantly higher %HYPOm, %HYPOr, and serum transferrin receptor and transferrin concentrations in their cord blood than newborns with normal pH. Thus, in newborn cord blood, the higher number of red cells and reticulocytes with lower Hb content may have impaired the oxygen carrying capacity that has been a trigger for EPO production. E rythropoietin (EPO) is the principal hormonal stimulator of erythropoiesis, and as a response to hypoxia, EPO synthesis is stimulated via regulation by hypoxia inducible factor 1 (1,2). EPO production occurs in the kidneys in human adults, and in fetal liver. Additionally, placental EPO production has been demonstrated in sheep (3). EPO plays some nonerythropoietic roles as well. It is needed for the normal differentiation, apoptosis and survival of neuronal cells as well as gastrointestinal tract epithelium and vascular endothelial cells (4,5). Recent evidence shows that in hypoxic conditions, EPO production increases to protect brain and other tissues, and there is increasing interest in neuroprotective therapeutical approaches against hypoxic-ischemic injury (6,7). Newborns who have had asphyxia after complicated or uncomplicated pregnancies are at risk for impaired neurodevelopmental outcome if EPO level, reflecting fetal hypoxemia, is increased (8). On the other hand, iron deficiency has been shown to be associated with impaired cognitive development in childhood (9 -11).
E rythropoietin (EPO) is the principal hormonal stimulator of erythropoiesis, and as a response to hypoxia, EPO synthesis is stimulated via regulation by hypoxia inducible factor 1 (1, 2) . EPO production occurs in the kidneys in human adults, and in fetal liver. Additionally, placental EPO production has been demonstrated in sheep (3) . EPO plays some nonerythropoietic roles as well. It is needed for the normal differentiation, apoptosis and survival of neuronal cells as well as gastrointestinal tract epithelium and vascular endothelial cells (4, 5) . Recent evidence shows that in hypoxic conditions, EPO production increases to protect brain and other tissues, and there is increasing interest in neuroprotective therapeutical approaches against hypoxic-ischemic injury (6, 7) . Newborns who have had asphyxia after complicated or uncomplicated pregnancies are at risk for impaired neurodevelopmental outcome if EPO level, reflecting fetal hypoxemia, is increased (8) . On the other hand, iron deficiency has been shown to be associated with impaired cognitive development in childhood (9 -11) .
Modern hematological analyzers and flow cytometric techniques make it possible to measure red blood cell (RBC) and reticulocyte features more accurately than earlier (12) (13) (14) . Novel cell indices are directly measured parameters in which the size of cells and cellular Hb content are measured on a cell-by-cell analysis of RBC or reticulocyte populations (12, 15, 16) . Based on these measurements, the percentages of hypochromic or microcytic cells can be calculated and then used as markers of iron-deficient erythropoiesis.
Despite their potential value in diagnostics, the clinical use of these indices is still uncommon. The percentage of hypochromic RBCs (%HYPOm) and cellular Hb content of reticulocytes (CHr) have been established as indicators of iron status in studies on hemodialysis patients, infants, children, adolescents, blood donors, and premenopausal women (17) (18) (19) (20) (21) (22) . In the cord blood of newborns, %HYPOm and the percentage of hypochromic reticulocytes (%HYPOr) are associated with both iron deficiency and higher number of immature reticulocytes (23) .
We have previously shown that a higher EPO concentration might be a compensatory response to iron-deficient erythropoiesis in pregnant women at term (24) . In the present study, we examined the possible association of cord blood EPO concentration with markers of iron metabolism, including the advanced cellular indices. The other objective was to determine whether umbilical blood pH, which reflects rapid changes in oxygen delivery during labor, is affected by irondeficient erythropoiesis.
SUBJECTS AND METHODS

Subjects.
The local ethics committee of the Pohjois-Savo Health Care District approved the present cross-sectional study. A total of 213 pregnant women-newborn pairs of ethnic Finnish background were enrolled during a 10-mo period in 2004 -2005 at the Kuopio University Hospital (24, 25) . The women signed informed consent forms before delivery. Venous blood samples were obtained from the women before delivery and from the cord blood of their 193 full-term newborns (gestational age 37 wk or more). These women and infants comprised the study population.
The study population included a subgroup of 67 newborns considered to have clinical signs of birth asphyxia (e.g., abnormal CTG, infection, low Apgar score, abnormal placenta, growth retardation). Therefore, the midwife in charge decided that their umbilical blood pH should be analyzed after cord clamping. Cord blood sample for pH was not obtained in normal term vaginal deliveries with an entirely normal outcome.
Data on maternal characteristics and pregnancy outcome were obtained from the birth register of Kuopio University Hospital. These data included pregnancy complications, mode of delivery, gestational age, birth weight and length, placental weight, and Apgar score (at one and five minutes of age). Gestational age was calculated from the beginning of the last menstruation unless an ultrasonography exam in the first trimester had demonstrated a discrepancy of Ͼ3 d. Relative placental size (ratio of placental weight to birth weight) was calculated.
Laboratory Analyses. Venous blood was collected from the pregnant women before delivery, and from venous cord blood by needle puncture after cord clamping in EDTA tubes (Vacutainer, Becton Dickinson Vacutainer Systems, Plymouth, UK). The complete blood count including novel RBC and reticulocyte indices, such as %HYPOm, %HYPOr, and Hb content of RBCs or CHr, was analyzed within 6 h on the Advia 120 Hematology System (Bayer Diagnostics Co., Tarrytown, NY).
The samples for serum examinations were collected in 6 mL serum tubes (Vacutainer), and the serum was separated and stored frozen at Ϫ20°C. Serum iron was measured on a Konelab 60i unit (Thermo Fisher Scientific, Vantaa, Finland). Transferrin was analyzed using an Immage analyzer (Beckman Coulter Inc., Fullerton, CA). Serum soluble transferrin receptor (TfR) was measured using an automated immunoturbidometric IDeA TfR-IT assay (Orion Diagnostica, Espoo, Finland) with a Konelab 60i unit (Thermo Fisher Scientific). Serum EPO, ferritin and high sensitivity C-reactive protein (hsCRP) concentrations (Diagnostic Products Corporation, Los Angeles, CA) were measured by commercial kits using an automated Immulite2000 analyzer (IEMA) (Diagnostic Products Corporation). Transferrin saturation (TfSat) was calculated using the formula [S-Iron (mol/L) ϫ 0.038]/STransferrin (g/L)*100 and the TfR-F Index was defined as TfR/ LogFerritin. In case of suspected birth asphyxia, blood was drawn into 1 mL syringe and analyzed immediately using Rapidlab 1265 (Bayer Health Care, Tarrytown, NY).
The total coefficient variation (CV%) for the cell indices used are as follows: Hb 1.0%, hematocrit 1.0%, RBC count 1.0%, proportion of reticulocytes 4.0%, high immature reticulocyte fraction (IRF-H) 7.0%, mean cell volume of RBCs (MCV) 1.0%, mean cell volume of reticulocytes (MCVr) 1.0%, mean cell Hb 1.0%, mean cell Hb concentration (MCHC) 1.0%, %HYPOm 5.0%, %HYPOr 4.0%, cellular Hb content of RBCs 1.0%, CHr 1.0%. The total CV% for serum measurements are as follows: hsCRP 8.7%, ferritin 4.0%, EPO 5.7%, TfR 13.1%, iron 6.3% and transferrin 12.0%.
Statistical Analyses. The main outcome measurements were venous umbilical blood EPO concentration and, in the subgroup of potentially asphyxiated newborns (n ϭ 67), the venous umbilical pH. For the analyses of the associations between iron parameters, obstetric data, and EPO concentration, the 193 study subjects were divided into subgroups on the basis of EPO concentration quartiles. The statistical significance of differences between the lowest and highest EPO quartile groups was tested by the Mann-Whitney U test. In the case of categorical variables, the significance of differences was tested with the 2 test. The relationships between EPO concentration, iron parameters, and obstetric data and the newborn umbilical vein pH were also assessed in the group of 67 newborns who were suspected of having signs of asphyxia and therefore had their umbilical pH measured. These infants were divided into two groups based on pH Յ7.15 (low pH, n ϭ 16) or pH Ͼ7.15 (normal pH, n ϭ 51) (26) . Infants in these two groups were also compared with those with "no clinical signs of asphyxia" (pH not analyzed, n ϭ 126). For the comparison of differences between the low and normal pH groups, the Mann-Whitney U test was used. The Spearman correlation test was used for calculating the associations between cellular and serum iron status parameters, and EPO concentration, or pH level. The blood count and serum iron status measurements of the pregnant women were used to analyze the possible effects of maternal parameters on the newborn cord blood EPO or pH, and this was tested by the Spearman correlation test.
Cord blood Hb below 145 g/L was used as a definition for anemia (27) . Iron deficiency in a newborn was defined as cord blood TfSat below 30% (27) . Statistical significance was defined as p Ͻ 0. 
RESULTS
Associations of obstetric data and cord blood iron status with EPO concentration.
The obstetric data and characteristics of all the newborns (n ϭ 193) are shown in Table 1 . Mode of delivery was associated with the cord blood EPO concentration. The EPO concentrations were significantly higher in newborns delivered by emergency section (n, median, 10th and 90th centiles) (n ϭ 19, 34.6, 11.4 and 183.0 mIU/mL) or vaginally (n ϭ 150, 27.8, 13.8 and 83.1 mIU/mL) than in newborns who were delivered by an elective cesarean section (n ϭ 24, 20.5, 12.1 and 44.2 mIU/mL) (Mann-Whitney U tests, p ϭ 0.011 and 0.012, respectively).
In the highest EPO quartile group, an elective cesarean section was significantly less common than in the lowest EPO quartile group (2 versus 19%, p ϭ 0.015, 2 test); however, the frequency of vaginal deliveries and emergency sections did not differ between the groups of highest or lowest EPO quartiles. Pregnancy complications did not differ between the highest and the lowest EPO groups. Additionally, there were no statistically significant differences (Mann-Whitney U) in birth weight, placental weight, relative placental size, gender, or Apgar scores (at one and five minutes) between the highest and the lowest EPO quartile groups. Neither maternal blood count (including aforementioned indices) nor maternal serum iron status measurements correlated with cord blood EPO concentration or pH level (data not shown).
Descriptive statistics of all the newborns showed wide variation in cellular and serum iron status parameters (Table 2). Cord blood iron status measurements in the lowest and the highest EPO quartile groups are shown in Table 2 . Relative placental size is defined by placental weight to birth weight ratio.
Iron deficiency was rare among the newborns, only nine of them having TfSat below 30%. A total of 38 newborns had Hb below 145 g/L, indicating anemia. Even though the mean Hb level did not differ, the infants in the highest EPO quartile group had signs of poorer iron status than those in the lowest EPO quartile. This was seen both in the traditional red cell indices (higher MCV, and lower MCHC in the highest EPO group), and in the advanced red cell indices (higher %HYPOr, %HYPOm, MCVr and IRF-H in the highest EPO group). The same was true for the serum markers (higher TfR, TfR-F Index and transferrin and lower iron and TfSat in those in the highest EPO quartile) ( Table 2 ). This observation was confirmed in the correlation analysis between EPO concentration and iron status measurements (Table 3) . Although the EPO level had some dependency on the mode of delivery, the correlations were found to be in a similar linear fashion in all delivery groups (Figure 1) . Newborns of mothers with gestational diabetes mellitus (GDM) had significantly higher birth weight (p ϭ 0.018) and MCV (p ϭ 0.018) and significantly lower ferritin (p ϭ 0.025) than those without maternal GDM (Mann-Whitney U test, data not shown). EPO, pH, and other cellular or serum iron status measurements were comparable in infants with or without maternal GDM. As the numbers of women with preeclampsia, hypertension, or liver dysfunction were low (Table  1) , detailed statistical analyses were not carried out for them.
Association of iron status measurements with venous cord blood pH. The cord blood pH was analyzed in 67 infants who Abbreviations are explained in Table 2 .
were considered to have signs of birth asphyxia. Fifty-one of them had pH Ͼ7.15 (normal pH) and 16 had pH Յ7.15 (low pH). The lowest pH was 7.00, and the lowest 1 and 5 min Apgar scores were 4 and 7, indicating that in reality, none of the newborns suffered from severe birth asphyxia. Among the 67 newborns, the pH did not differ significantly in those born vaginally or by elective or emergency cesarean section (Mann-Whitney U test, p Ͼ 0.112 for all comparisons). Data on cellular and serum iron status measurements and EPO concentrations in normal and low pH groups are compared in Table 4 . The results of the 126 infants without signs of asphyxia are shown as well, and their results closely resembled those in the infants with normal pH, as shown in Table 4 . Hb levels were similar in those newborns with normal or low pH. Cord blood EPO concentration was significantly higher in the low pH group (p ϭ 0.002, Mann-Whitney U test). Signs of decreased iron availability, e.g., significantly higher %HYPOm, %HYPOr, TfR, and TfR-F index as well as lower MCHC, were seen in the low pH group than in those with normal pH. Indirect signs of increased erythropoietic activity were seen in newborns in the low pH group, as their IRF-H, MCV, and MCVr were higher than in the normal pH group. These observations were confirmed by the significant negative correlations between umbilical blood %HYPOm, %HYPOr, TfR, TfR-Index versus pH (Table 3) . Furthermore, low pH (Յ7.15) was significantly more common in the highest than in the lowest EPO quartile group (21 versus 0%, p ϭ 0.002, 2 test), but the groups of "no signs of" or normal pH were similarly found in both the lowest and the highest EPO quartiles (Table 1) .
DISCUSSION
The findings of this study suggest that in newborn cord blood, a higher EPO concentration may be a compensatory response to fetal iron-deficient erythropoiesis, as evidenced by the higher number of hypochromic RBCs and reticulocytes because of lower hemoglobinization. A possible explanation for this observation is that, even in the absence of clinical anemia, hypochromic cells do not carry as much oxygen as normochromic cells, thus resulting in imminent tissue hypoxia and risk of birth asphyxia. This is consistent with findings of our recent study, in which we found that maternal EPO concentration is associated with coordinated changes in cellular indices, reflecting a lower availability of iron and thus impaired oxygen delivery by RBCs (24) .
In uncomplicated pregnancies, labor has been shown to increase the EPO concentration in the newborn (28) . In the present study, those infants born by elective cesarean section, i.e., without labor stress, had lower EPO values than those born after labor stress. However, higher EPO levels were found in all delivery groups among those newborns who had RBCs with the lowest Hb contents. Thus, EPO production may be elevated as a response to acute hypoxic distress intrapartum, or as a response to prolonged stress during pregnancy due to placental insufficiency, for example (29) .
In fetuses with hemolytic anemia and Rh immunization, extremely low Hb has been found to be associated with a high EPO level (30, 31) . However, no significant correlation between EPO and Hb has been found in healthy term newborns with normal Hb concentrations, as is the case in this study (29, 32) . Cellular indices measured by flow cytometry may be a more sensitive method for analyzing subtle changes in iron availability in newborns. When we measured cell indices reflecting minor changes in cellular Hb contents, we found that EPO production may be triggered by a minor decrease in the Hb content of RBCs and reticulocytes in the fetus. Hence, not only the mass but also the quality of cells affects the oxygen carrying capacity. Cellular indices show coordinated changes when iron is not sufficiently available for erythropoiesis, already before anemia (17) (18) (19) (20) . Although %HYPOm and %HYPOr may be influenced by increased erythropoietic activity in newborns, they are also dependent on iron status (23) . Similarly, an elevated RBC zinc protoporphyrin in the cord blood at birth has been found to be associated with increased erythropoiesis (33) . In addition to the availability of iron, other factors may lead to increased EPO production. Placental insufficiency may intermittently reduce the delivery of oxygen to fetal tissues and thus gradually lead to elevated fetal EPO concentration and enhanced erythropoiesis. This may in turn be seen as higher MCV and MCVr, and also slightly in the reticulocyte count. Less iron may be incorporated in fetal RBCs, and therefore %HYPOm and %HYPOr may increase and TfSat may decrease. However, in this study setting, we could not determine precisely whether the first step is reduced availability of iron alone, or with placental insufficiency at the same time.
We also studied the association between cellular indices and cord pH level, which is the most specific and rapid indicator of hypoxia intrapartum (34) . A previous study has shown that EPO correlates strongly with cord blood pH or PaO 2 (32) . In the present study, the cell indices in newborns with low pH indicated lower hemoglobinization when compared with cells of newborns with normal pH or without signs of asphyxia. However, a limitation of this study is that although we have a considerable amount of pH results, we did not have pH results for newborns without clinical signs of birth asphyxia.
The stimulus for a rise in EPO occurs in adults within 1-2 h, depending on the severity of hypobaric hypoxia in humans (35) . The half-life of EPO is about 5 h. Therefore, EPO might also be raised because of prolonged or chronic impaired oxygen delivery (34) . The pH value may change rapidly during delivery, and asphyxia develops when there is a discrepancy between oxygen supply and consumption. In this study we found that cord blood pH, as an indicator of hypoxemia, also correlated with the indicators of increased iron-deficient erythropoiesis in newborns at birth. Therefore, the increased hypochromacy of the RBC (%HYPOm, MCHC) and their precursors (%HYPOr) in newborns might reflect lower reserves in the oxygenation and finally lowered pH values in newborns.
Low ferritin levels have been shown to be associated with high EPO levels in newborns of mothers not taking iron supplementation (36) . Furthermore, low ferritin levels have been shown to be present in newborns whose mothers have diabetes mellitus or GDM (33, (37) (38) (39) , and this has been found to be related to chronic intrauterine hypoxia (40) . Even though we did not have pregnant women with DM in our study, we did have a few women with GDM. As in an earlier study (33) lower ferritin and higher MCV were also found in the newborns of GDM mothers, while the EPO and pH values were not different.
From the methodological point of view, it must be borne in mind that newborns typically have a great biologic variability in their analytes (23) . This was also reflected in our results, with a wide range of measured values. Novel cell indices are nowadays available in the hematological analyzers produced by two manufacturers (13, 14, 16) . The RBC and reticulocyte indices have been established especially in screening the iron status in children and infants as well as in premenopausal women and in blood donors (18, 19, 21, 22) . They are simple and cost-effective tools for screening the iron status, because they can be combined with the basic blood count without any need for other reagents. The particular advantage of cell indices is their ability to reveal changes in iron availability before anemia is manifested. However, the clinical usefulness of cell indices as specific indicators of iron-deficient erythropoiesis in newborns may be to some extent limited, since such indices may also be affected by accelerated erythropoiesis (23) .
We also measured hsCRP, to exclude the influence of the acute phase response on the ferritin results. The question has also been raised whether the acute phase response may contribute to reticulocyte indices, since the blocking of iron in the Abbreviations are explained in Table 2 . p value is the significance of the differences between the groups of newborns with normal pH and low pH using Mann-Whitney-U test.
macrophages decreases the iron availability in the hemoglobinization of newly formed RBCs. However, this was not the case in the present population, because all the cord blood hsCRP results of the newborns were low.
One further limitation of this study is that the population contained only a few (n ϭ 9) iron-deficient newborns according to the definition of iron deficiency as TfSat Ͻ30%. This is why we could not perform a comprehensive and scientifically sound statistical analysis on the diagnostic accuracy of the cell indices as iron status markers in this population. Although we did not find many iron-deficient newborns, it is noteworthy that the association between cellular indices and EPO and pH was highly significant even within the physiologic range of the iron status. This, however, requires further study, investigating specific rare cases, and also studies focusing on high-risk pregnancies.
In conclusion, coordinated changes were observed in the RBC and reticulocyte indices and in EPO and pH in newborns at birth. Hence, reduced cellular Hb content might be a factor causing decreased tissue oxygenation, which is followed by a compensatory response of EPO production. The iron status of newborns measured by serum markers also correlated with changes in EPO and pH. Therefore, further studies are warranted to establish whether the higher EPO concentration associated with iron deficiency is the cause of a poor neurologic outcome, and whether the poor outcome could be prevented by iron supplementation. The value of advanced cellular indices in the diagnostics of iron deficient erythropoiesis in neonatal period remains to be determined.
